Summary.
Vomeronasal tissues from four male gnotobiotic calves were prepared for transmission and scanning electron microscopy. Features described include: non-myelinated nerves in the non-neurosensory lamina propria, capillaries in the base of the neurosensory epithelium, sustentacular cells with microvilli 22-26pm long, neurosensory cells with numerous apical vesicles, cells with cytoplasmic projections containing dense bundles of filaments, and brush cells.
The structurally well developed bovine vomeronasal organ is similar in other respects to that reported for a number of other mammals
The vomeronasal organ, present in nearly every mammalian order (WYsocKi, 1979) , may function in pheromone mediated behavior including receptivity to sexual cues (WYsocxi 1979; MEREDITH et al., 1980; WYsocKI et al., 1983) , recognition of the mother (TEICHER et al., 1984) , recognition of young (FLEMING et al., 1979; MARQUES,1979) , and in-utero chemoreception (PEDERSEN et al., 1983) . Ultrastructural characteristics of vomeronasal structures, as described by a number of authors (BREIPOHL et al., 1979; VACCAREZZA et al., 1981; BHATNAGAR et al., 1982; TANIGUCHI and MOcHIZUKI, 1982; ADAMS and WIEKAMP, 1984) , are species variable.
The bovine utilizes a vomeronasal organ for sensing sex-related odors (ESTES,1972; PALEOLOGOU, 1977; JACOBS et al., 1981; KLEMM et al., 1984) . As only a brief report by KRATZING (1972) is available on the ultrastructure of the bovine vomeronasal organ, the present study was initiated to characterize it in the neonatal calf.
MATERIALS AND METHODS
Four male Holstein-Friesian calves, delivered by Cesarean and housed under gnotobiotic conditions (MATTHEWS et al., 1981) such that contaminating microorganisms were excluded, were used in this study. The results of daily monitoring by rectal, oral, and nasal swabs at the National Animal Disease Lab, Ames, Iowa, were negative for the presence of aerobic and anaerobic bacteria.
Three calves at seven days of age were tranquilized with Rompun (1 mg/kg), anesthetized with sodium pentobarbital (10 mg/kg, i.v.), exsanguinated, and perfused via the common carotid sequentially with Tyrode's Ringer solution and 2.2% paraformaldehyde/2.7% glutaraldehyde in a 0.1 M phosphate buffer (pH 7.4). The fourth *This investigation was supported in part by USDA Farm Bill Formula Founding . calf, inoculated orally with a rotavirus at five days of age, was killed and treated similarly to the other three, except that the fixative used was 4°° phosphate buffered paraformaldehyde. The nasal cavities were split longitudinally and tissue samples excised from the rostroventral portion of the nasal septum.
The tissues were post-fixed for 1 hr in 1°° OS04 in veronal acetate in Ringer's saline, pH 7.4, containing 1.5°° potassium ferricyanide; rinsed in veronal acetate buffer; and en bloc stained in a 2°° uranyl acetate solution in veronal acetate buffer. Tissues were dehydrated in alcohol and propylene oxide and embedded in a mixture of epon and araldite for light and transmission electron microscopy. Sections 1 fem thick were stained with Azure II. Thin sections were mounted on uncoated grids, stained with uranyl acetate and lead citrate, and examined in a Hitachi HU-12A electron microscope. For scanning electron microscopy, tissues were post-fixed in OS04, dehydrated through alcohol/freon, critical point-dried with C02, sputter-coated with gold/palladium, and examined in a JEOL 35 scanning electron microscope.
RESULTS

Light microscopy
The vomeronasal organ of the seven day old calf was approximately 32 mm in length and opened into the incisive duct 10 mm caudal to the incisive papilla. The lining of the incisive duct, adjacent to its junction with the vomeronasal duct, was a sparsely 1 ciliated, stratified cuboidal epithelium. The mucosa of the vomeronasal organ was incompletely ensheathed by cartilage, a cleft occurring laterally in the rostral portion and another dorsally in the caudal portion. Except for its rostral extent, the lumen of the vomeronasal duct was crescent-shaped (Fig. 1) ; its maximum dimensions increased from 0.7 x 0.1 mm rostrally to approximately 2.5 x 0.4 mm caudally. For most of its extent, the concave epithelial portion of the duct was medial and the convex portion lateral. The propria/submucosa increased approximately 1.5 times in height and width from rostral to caudal.
Rostrally, vomeronasal glands were located peripheral to the vomeronasal duct, opening via ducts through its epithelium from all sides. Caudally, the glands were located dorsal, lateral, and ventral to the duct; individual ducts of the vomeronasal glands opened through the non-neurosensory epithelium at various points, but primarily through the dorsal and ventral commissures and into the caudal luminal extent of the vomeronasal duct. Only occasionally did a duct of a vomeronasal gland open through the receptor epithelium.
Two to seven profiles of veins were observed in the lateral submucosa ( Fig. 1, 2 ). These vessels, which ranged from 500-700'"m in diameter, contained 3-6 layers of smooth muscle cells in their walls. The caudal 60°° of the vomeronasal organ contained a greater venous luminal surface area than did the rostral 40°°. Non-myelinated nerves were present in the lamina propria of both lateral and medial epithelia of the vomeronasal duct (Fig. 3) . Proceeding caudally, the vomeronasal nerves of the medial lamina propria increased in number and merged forming fascicles as large as 250 nm in diameter.
Small nerves (6-15 fpm in diameter), observed 3 4 One micrometer Epon/araldite section stained with Azure II. C cuboidal surface epithelial cells.
x 145 in the lateral lamina propria within 30,um of the epithelial basal lamina, were largely non-myelinated with one to three myelin figures occurring. Several myelinated nerve fascicles ( Fig. 1 ) coursed through the lateral submucosa of the vomeronasal organ, gaining entrance into and exiting from the organ through the clefts in the vomeronasal cartilage.
Smaller fascicles containing myelinated neurofibers were scattered in the submucosa between gland acini.
The epithelium of the vomeronasal duct was largely pseudostratified columnar, with some stratified cuboidal areas occurring rostrally (Fig. 4) . These stratified cuboidal epithelia had non-ciliated surface cells with lightly stained cytoplasm and domed apices. The cuboidal surface cells were above a basal stratum containing four to five layers of dark, basal-like cells. The remainder of the epithelium, other than that lining the commissure of the vomeronasal duct lumen and that lining the ostia of gland ducts, was of two types. One epithelial type surfaced the vomeronasal lumen rostrally and laterally, as well as that portion medially adjacent to the commissures.
This epithelium consisted of dark columnar basal cells and two cell types which reached the luminal surface: alternating lightly stained, ciliated and darkly stained, non-ciliated cells (Fig. 5 ). Cilia about 10 fem long extended from basal bodies in the wide apices of the ciliated cells. The basal 3 ; em of the ciliary border was more evenly stained, indicating the presence of other microprocesses.
The supranuclear portions of the dark non-ciliated cells were slender.
Goblet cells were infrequently observed. The other epithelial type lined most of the medial surface of the caudal 80% of the 5 6 vomeronasal organ. This neurosensory epithelium (Fig. 6 ), which attained a height of 136 pm, consisted of a layer of dark cuboidal basal cells (4% of epithelial height), neurosensory perinuclear zone (35°0), sustentacular perinuclear zone (290), nuclear free adluminal zone (13%), and a zone of surface projections (19%). The lightly stained spherical nuclei of neurosensory cells usually contained a darkly stained, centrally positioned nucleolus, although 2-3 nucleoli were sometimes present. The darkly stained, vertically oriented, ellipsoidal nuclei of sustentacular cells usually contained 2-3 eccentrically positioned nucleoli.
The surface zone contained numerous fine epithelial projections 22-26 j m long, and lightly stained, irregularly shaped material intermittently projecting as much as 10 tam from the cell surfaces.
The laminal propria deep to both medial and lateral epithelia contained numerous capillaries; a number of those capillaries in the medial lamina propria impinged into the basal 6-10,um of the neurosensory epithelium.
In these regions, basal lamina but not basal cells separated the capillaries from the neurosensory perikarya.
Electron microscopy Lateral epithelium. Basal, ciliated columnar non-ciliated columnar, non-ciliated cuboidal, brush, and secretory cells were identified. The cytoplasm of the electron lucent, ciliated cell (Fig. 7) contained scattered ribosomes, non-granular endoplasmic reticulum (SER) and vesicles, and occassional multivesicular bodies. The supranuclear region contained several Golgi complexes, vesicles, some SER, mitochondria and ribosomes. Mitochondria and ciliary precursor bodies were clustered in the apical portion of the cells (Fig. 8) . The cilia were 0.4 Fpm in diameter; the sometimes branched microvilli of the ciliated cells were 3.6 pm long and 0.12 pm in diameter.
The basal bodies had I 8 claw-like basal roots (Fig. 8) . Small projections of portions of the interciliary cell surface gave origin to clumps of microvilli containing denser cores than adjacent microvilli (Fig. 9) . The bundles of filaments composing these cores extended approximately 0.7 fem down into the cytoplasm. A variation in electron density of ciliated cells occurred with the least dense having fewer organelles, irregularly shaped cytoplasmic vacuoles, and enlarged globular mitochondria.
Some variation in ultrastructural morphology also occurred in the electron dense non-ciliated cells. The cytoplasm of the most abundant non-ciliated columnar cells contained mitochondria, GER and Golgi complexes linearly arranged with the long axes of the cells (Fig. 7, 10 ). Numerous polyribosomes, some SER, primary lysosomes, and multivesicular bodies were also present. Cytoplasmic organelles near the cell apices included vesicles and dilated cisternae of SER (Fig. 11) . The apical cell membranes were usually concave, the cells not protruding as far as adjacent ciliated cells. The apices of these cells were 5 dim or less in diameter and appeared squeezed between the apices of adjacent ciliated cells. Mitochondrial cristae were more transversely oriented, the endoplasmic reticulum more abundant, and the microvilli shorter in the non-ciliated than in the ciliated cell. Some non-ciliated columnar cells with flat or projecting apices and abundant SER and little GER, had numerous, long closely spaced microvilli (Fig. 12) . The apices of a few non-ciliated cells contained some secretory granules (Fig. 13) . Secretory cells packed with mucous granules were occasionally observed in epithelium near the commissures of the vomeronasal organ.
Brush cells were observed in both lateral and non-receptor bearing portions of the medial epithelium. containing bundles of microfilaments extending 4-8 ,um down into the cytoplasm (Fig.  14) . The microvilli were 0.6 x 0.17 tern in length and diameter.
The apices of these cells seldom exceeded 3.5 pm in diameter.
Their cytoplasm contained mitochondria, SER, GER, polyribosomes, and numerous glycogen particles (Fig. 15) .
In the rostral regions where a stratified cuboidal epithelium occurred, electron lucent non-ciliated cuboidal surface cells had gleatly lobulated nuclei, sparse short microvilli, and one or more lipid droplets (Fig. 16) . A few nerve terminals, containing mitochondria and lucent and dense-cored vesicles, were observed in a juxtaluminal position at the epithelial surface between all cell types.
Medial (neurosensory) epithelium. The apical width of surface cells was approximately 4 pm for sustentacular and 4.5 pm for receptor cells. The cytoplasm of sustentacular cells contained numerous ribosomes, polyribosomes, some SER, mitochondria, and multivesicular bodies. Portions of the luminal surfaces of individual cells protruded above adjacent areas; these cytoplasmic projections supported one or more microvilli and contained vesicles and bundles of filaments extending down into a dense terminal web of filaments that crossed the apex of the cell to and from juxtaluminal junctional complexes (Fig. 17) . The microvilli were 0.19 pm in diameter.
A single cilium was observed on some sustentacular cells.
The dendritic portions of neurosensory cells contained neurotubules and mitochondria oriented linearly with the long axes of the cells. The mitochondria each contained a longitudinal crista. The perinuclear cytoplasm (Fig. 18, 19 ) contained Golgi complexes, some GER and SER, and occasional primary lysosomes and multivesi-11 12 (Fig. 20) . The apices (Fig. 21,  22 ) supported a profusion of densely spaced microvilli and contained mitochondria, ciliary precursor bodies, centrioles, and vesicles as large as 0.4 ; tm in diameter; intervillous invaginations of the cell membrane were continuous with the apical vesicles.
Frequently, a mass of spherical vesicles was observed in the lumen above the neurosensory cell (Fig. 23) . The microvilli were shorter (about 4.4 jem long) and were more slender than those of the adjacent sustentacular cells (Fig. 24) , being approximately 0.12 ftm in diameter. The surfaces of neurosensory microvilli appeared to be smoother than that of the sustentacular cells. Scanning electron microscopy of the neurosensory surface revealed a homogenous mass of microvilli from which individual cytoplasmic extensions of neurosensory and sustentacular cells were not identified (Fig. 25) . Groups of axons were partially enclosed by cytoplasmic projections of basal cells (Fig. 26) .
A few sectioned profiles of nerve terminals were observed in the juxtaluminal region of the neurosensory epithelium; these were usually between sustentacular cells and contained mitochondria and both lucent and dense-cored vesicles (Fig. 27 ).
DISCUSSION
The macroscopic appearance of the bovine vomeronasal organ is similar to that described by JACOBS et al. (1981) . Contrary to the brief statement by MINETT (1925) , the entire rostral portion is surfaced by non-neurosensory epithelium. the organ with neurosensory epithelium is both larger in diameter and has more erectile tissue than that more rostrally.
This observation is consistent with the vomeronasal pump mechanism described by MEREDITH and O'CONNELL (1979 ), MEREDITH et al. (1980 ) and ECCLES (1982 . The calf vomeronasal organ appeared to be less vascular than that of the dog (ADAMS and WIEKAMP, 1984) , although the veins in the lateral propria/submucosa were lager and in greater number. The microvasculature was well developed adjacent to the basal lamina of the neurosensory epithelium; a similar approximation of vessel lumen and neurosensory epithelium has been reported for the rabbit (LUCKHAUS, 1969 ), sheep (KRATZING, 1971b , rat (BREIPOHL et al., 1981; VACCAREZZA et al., 1981) , and dog (ADAMS and WIEKAMP, 1984) . As all of these animals have a thick neurosensory epithelium, the capillaries may have a nutritional function as suggested by BREIPOHL et al. (1981) .
Small non-myelinated nerves were abundant in the lamina propria of the nonneurosensory epithelium.
Intraepithelial nerve endings, in a juxtaluminal position, did not appear as numerous in the bovine vomeronasal organ as in that of the dog (ADAMS and WIEKAMP, 1984) and pig (KRATZING, 1979) or as in the rostral portion of the bovine nasal cavity (ADAMS, 1986) .
Leukocytes, observed in the non-neurosensory epithelium of the vomeronasal organ in a number of mammals (LUCKHAUS, 1969; Loo and KANAGASUNTHERAM. 1972; ADAMS and WIEKAMP, 1984) , were seldom observed in the vomeronasal organ of these gnotobiotic calves.
The non-sensory epithelium in the calf vomeronasal organ is similar to that described for the tree shrew (Loo and KANAGASUNTHERAM, 1972) and koala (KRATZING, 1984) having ciliated and non-ciliated columnar cells in nearly equal numbers.
Other mammals such as the slow loris (Loo and KANAGASUNTHERAM, 1972) and guinea pig (CIGE5 et al., 1977) have vomeronasal organs with an absence of ciliated cells in the nonneurosensory epithelium.
At the other extreme, the vomeronasal organ of the hamster (TANIGUCHI and MOCHIZUKI, 1982) and mouse have few non-ciliated cells in this epithelium. Paraciliary cytoplasmic projections bearing a cluster of microvilli with large bundles of filaments were also observed in the bovine by KRATZING (1983, personal communication) .
These microvilli were longer and did not resemble the evenly spaced microvilli of the brush cell.
The ultrastructural variation observed in the electron dense, non-ciliated columnar cells may reflect the functional or developmental status of these cells with the more mature form represented by the cell with SER and apical secretory granules.
Of two non-ciliated cell types in mouse tracheal epihelium, KAWAMATA and FUJITA (1983) considered that the SER rich cell was derived from the GER rich cell. Brush cells, observed fairly frequently in the calf, were also reported for the canine vomeronasal organ (ADAMS and WIEKAMP, 1984) and calf bronchi (ALLAN, 1978) . Rather than serving as a receptor cell (MEYRIcK and REID,1968) , the brush cell may either represent a stage in the maturation of ciliated and/or secretory cells or it may possibly function in the uptake and metabolism of xenobiotics (BRITTEBO et al., 1986) . Its glycogen content may be indicative of incomplete differentiation.
Specific features markedly developed in the bovine sustentacular cell included very long microvilli (22-26 ~cm long), many of which arose as branches of a primary cellular process. Similar long microvilli have been reported for the dog (ADAMS and WIEKAMP, 1984) . The thick fuzzy coat on microvilli of sustentacular cells was previously noted in the bovine (KRATZING, 1972) and rat (MENDOZA and BREIPOHL, 1983) .
The vomeronasal neurosensory cell of the calf is generally similar to that described for other mammalian species. Unlike that in the canine (ADAMS and WIEKAMP, 1984) , cilia were not observed on receptor cells in the bovine vomeronasal organ. The large number of apical vesicles in bovine vomeronasal dendrites, has previously been noted by KRATZING (1972) . Apical vesicles have also been reported for the bat (BHATNAGAR et al., 1982) , tree shrew (Loo and KANAGASUNTHERAM, 1972), rabbit (LUcKHAUS, 1969) , rat (KRATZING, 1971a ), pig (KRATZING, 1979 ), sheep (KRATZING,1971b , and dog (ADAMS and WIEKAMP, 1984) . Although in section profile the apices of bovine neurosensory cells appear to be extruding cytoplasmic packets of vesicles, the islands of cytoplasm may be an incident of sectioning.
The numerous smaller vesicles free in the lumen above the apices appear to have been discharged from the neurosensory cell. Intercellular spaces deep to the juxtaluminal junctional complexes are more evident in neurosensory than in adjacent non-neurosensory epithelium, thus intraluminal vesicles might also be an artifact produced by the tonicity of fixation-dehydration fluids on a very sensitive cell type.
Basal cells in the neurosensory epithelium of various mammals are sparse (KRATZING, 1971a; Loo and KANAGASUNTHERAM, 1972; BHATNAGAR et al., 1982; VAC-CAREZZA et al., 1981; TANIGUCHI and MOCHIZUKI, 1982) , in groups (LUCKHAUS, 1969) , or form a more continuous line (KRATZING, 1971b; SEIFERT, 1971; SAKSENA and CHANDRA, 1980; ADAMS and WIEKAMP, 1984) . The neuroepithelium of the mouse (BARBER and RAISMAN, 1978a, 1978b) and rat (REHN et al., 1982) , species with few basal cells, is repopulated by cells arising from the transitional zone between medial neurosensory and non-neurosensory epithelia.
No cellular division was observed in either the basal or transitional cells of the calf. 
